Injectable, degradation-resistant peptide agonists for the glucagon-like peptide 1 (GLP-1) receptor (GLP-1R), such as exenatide and liraglutide, activate the GLP-1R via a complex orthosteric-binding site and are effective therapeutics for glycemic control in type 2 diabetes. Orally bioavailable orthosteric small-molecule agonists are unlikely to be developed, whereas positive allosteric modulators (PAMs) may offer an improved therapeutic profile. We hypothesize that allosteric modulators of the GLP-1R would increase the potency and efficacy of native GLP-1 in a spatial and temporally preserved manner and/or may improve efficacy or side effects of injectable analogs. We report the design, optimization, and initial results of a duplexed high-throughput screen in which cell lines overexpressing either the GLP-1R or the glucagon receptor were coplated, loaded with a calcium-sensitive dye, and probed in a three-phase assay to identify agonists, antagonists, and potentiators of GLP-1, and potentiators of glucagon. 175,000 compounds were initially screened, and progression through secondary assays yielded 98 compounds with a variety of activities at the GLP-1R. Here, we describe five compounds possessing different patterns of modulation of the GLP-1R. These data uncover PAMs that may offer a drug-development pathway to enhancing in vivo efficacy of both endogenous GLP-1 and peptide analogs.
Introduction
Glucagon-like peptide 1 (GLP-1) is a gut-derived hormone that is released in response to oral nutrients and plays a role in a variety of physiological functions, including inhibition of gastric emptying, inhibition of food intake, and most notably enhancement of glucose-stimulated insulin secretion from pancreatic β-cells. 1 Central and peripheral administration of GLP-1 is known to elicit food intake and blood glucose-lowering effects in human and rodent models, 2 making the GLP-1 receptor (GLP-1R) an attractive therapeutic target. The half-life of GLP-1 in the bloodstream is minutes, due to cleavage by dipeptidyl peptidase-IV (DPP-IV), 3 and therefore other strategies have been deployed to capitalize on this therapeutically relevant receptor. Thus, subcutaneously administered peptide analogs that are resistant to DPP-IV inactivation, such as Byetta (exenatide)® and Victoza (liraglutide)®, 4 and small-molecule, orally bioavailable DPP-IV inhibitors, such as Januvia (sitaglipin)® 3 and Onglyza (saxagliptin)®, have been successfully developed and marketed to capitalize on the salutary effects of GLP-1R activation in diabetes.
The efficacy of these therapeutics to improve hemoglobin A1c, fasting glucose concentration, weight loss, and insulin secretion and to inhibit glucagon release has been validated in several large-scale clinical studies. 5 Exenatide is a short-acting GLP-1 agonist dosed twice daily at 5-10 µg, whereas liraglutide has a longer half-life and is given in 0.6-1.2 mg dosages once daily, although longer-acting versions of these agonists are beginning to emerge. 6 Despite the tremendous clinical success of this class of peptide incretin mimetics, liabilities do exist. Adherence to an injectable medication can be limiting, 7 and side effects such as nausea, vomiting, and gastrointestinal distress may further limit compliance. 8 Additional concerns regarding pancreatitis and pancreatic malignancies have also been raised. 9 Diabetes mellitus is a progressive disease, and GLP-1R agonists, which have efficacy to control blood glucose levels and also body weight, have offered the potential to be truly disease altering. A firm demonstration of alteration of disease course has yet to be demonstrated. The overarching hypothesis of our work is that allosteric modulation of GLP-1R signaling may offer the opportunity to augment and/or fine-tune both native GLP-1 action and that of peptide analogs. For example, the amplification of native GLP-1 signaling in a temporally and spatially preserved manner may prove optimal for fully capitalizing on the salutary effects of GLP-1 action during the course of diabetes disease progression. Furthermore, this approach may offer an opportunity to attenuate or eliminate side effects by coadministration with peptide analogs, allowing lower exposure with enhanced potency. Finally, an exciting development in G-protein-coupled receptor (GPCR) biology, allosteric modulation, offers the opportunity to alter the intracellular signal transduced by receptor activation, a concept referred to as signaling bias. 10 Thus, the development of experimental tools with unique modes of action at the GLP-1R will allow us to test the hypothesis that allosteric modulation could improve on native biology and current therapies and potentially engender disease-altering therapeutics.
The GLP-1R belongs to the class-B GPCR family and binds four different forms of endogenous GLP-1 peptide-GLP-1(1-37), GLP-1(7-37), GLP-1(1-36)NH 2 , and GLP-1(7-36)NH 2 -and a structurally related peptide, oxyntomodulin. Upon ligand binding, the GLP-1R primarily couples to the G αs heterotrimeric G-protein, resulting in conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) through adenylate cyclase-dependent mechanisms, 11 although there is evidence that the GLP-1R couples to multiple G-proteins. 12 GLP-1 binding to its receptor is known to activate several downstream signaling targets, the most well characterized being the phosphorylation of extracellular signal-regulated kinase (ERK), 13 activation of phosphatidylinositol 3-kinase, 14 and opening of voltage-dependent Ca 2+ channels, which elicits the release of insulin from β-cells. [15] [16] Although capitalizing on these intracellular targets would have tremendous therapeutic benefit, the development of small-molecule orthosteric ligands has been challenging likely because of the large and structurally complex orthosteric-binding site. 11 Thus, identification of small molecules with an allosteric mode of action was especially attractive at this GPCR. Indeed, a large proportion of current small-molecule therapeutics target GPCRs of multiple classes, and allosteric modulation has gained recognition as a tractable therapeutic strategy. [17] [18] Here, we describe screening a compound library to uncover GLP-1R-specific allosteric modulators and their initial characterization. Our approach is an innovative duplexed screening paradigm in which we coplated two different cell types overexpressing either the GLP-1R or the glucagon receptor to more quickly identify compounds that are nonspecific for the GLP-1R target. We developed novel and robust primary and secondary high-throughput screening (HTS) assays, validated chemical "hits" via retesting and characterizing concentration responses, demonstrated the selectivity of key compounds for the GLP-1R, and further characterized and classified compounds into agonist, positive allosteric modulator, or antagonist groups based on their activity profile. The results are used to discuss the different approaches to discovery of GLP-1R PAMs and how the results may translate into in vivo therapeutic effects.
Methods

Creation of GLP-1R, Glucocorticoid Receptor (GR), and p-GLO Insulinoma (INS-1) Cell Lines
Human GLP-1R 9-3-H cells were obtained by clonal selection of a GLP-1R-overexpressing cell line derived from ChemiSCREEN TM human recombinant GLP-1 receptor cells that also overexpress a promiscuous G-protein (Millipore #HTS163C; Millipore, Billerica, MA, USA). Cell cultures were maintained in Dulbecco's Modified Eagles Medium (DMEM) with 10% fetal calf serum (FCS), 4.0 mM L-glutamine, 1X non-essential amino acids (NEAAs), and 10.0 mM hydroxyethyl piperazineethanesulfonic acid (HEPES), and they were retained under selection using 500 µg/mL geneticin and 500 µg/mL hygromycin B. Human glucagon receptor (glucagon R) cells were obtained by clonal selection of a glucagon receptor-overexpressing cell line derived from ChemiSCREEN TM human recombinant glucagon receptor cells (Millipore #HTS112C). Cells were maintained in DMEM with 10% FCS, 1X NEAAs, and 10.0 mM HEPES, and were retained under selection using 250 µg/mL geneticin. Rat INS-1 cells 19 were cotransfected with a plasmid containing a pIRESpuro3 vector (Clonetech #631619; Clonetech, Mountain View, CA) and human GLP-1R (OriGene #TC124060; OriGene, Rockville, MD) and with a plasmid encoding a cAMP-sensitive luciferase (p-GLOsensor-20F™, Promega #E1171; Promega, Madison, WI). Clones were selected based on functional expression and response to GLP-1 peptide using the GloSensor cAMP reagent (Promega #E1290). Cells were maintained in RPMI-1640 with 10% FCS, 1.0 mM sodium pyruvate, 100 U/mL penicillin, 100 µg/mL streptomycin, 50.0 µM beta-mercaptoethanol, and 10.0 mM HEPES. For the selectivity assays, Chinese hamster ovary (CHO) K1 cells were purchased from the American Type Culture Collection, and human embryonic kidney 293 (HEK293) cells overexpressing the human melanocortin 4 receptor (MC4R) were provided by Roger Cone. 20 RPMI-1640 (#11875), DMEM (#11960), FCS (#16140), penicillin-streptomycin (#15140), geneticin (#10130), trypsin (#25200), hygromycin B (#1068), L-glutamine (#25030), sodium pyruvate (#11140), and HEPES (#15630) were purchased from Life Technologies (Grand Island, NY). β-mercaptoethanol (#M3148) and NEAAs (#M7145) were purchased from Sigma-Aldrich (St. Louis, MO).
Primary GLP-1R-GR Calcium Screen
All assays were performed in the Vanderbilt Institute of Chemical Biology (VICB) High-Throughput Screening Facility. The chemical library screened (VICB collection) consisted of 175,488 compounds obtained from ChemDiv and Chembridge and was designed to cover a diverse range of drug-like molecules. The fluorescence-based calcium assays were performed as previously reported with a few changes. [21] [22] Briefly, human GLP-1R 9-3-H cells and glucagon R cells were plated in a 20 µL mixed suspension (65% and 35%, respectively) of cells at a density of 15,000 total cells per well in a 384-well plate (#781091; Greiner Bio-one, Monroe, NC) in plating medium (DMEM supplemented with 4.0 mM L-glutamine, 10% FCS, 1X NEAA, and 10.0 mM HEPES) using a Multidrop Combi (Thermofisher Scientific, Waltham, MA) and incubated overnight at 37°C and 5% CO 2 . Individual 384-well plates of cells were transferred to a Cytomat Automated Incubator (Thermo Fisher Scientific) on the day of screening and were processed through the primary calcium-screening assay with an integrated suite of automated instrumentation. Each screening day was monitored and systematically staggered on a time-locked scheduler using Polara Scheduling Software (Thermofisher Scientific) integrated with an ELx405CW cell washer (Bio-Tek, Winooski, VT), a Multidrop Combi, and a Functional Drug Screening System (FDSS) 6000 (Hamamatsu, Bridgewater, NJ). Plates were handled and transferred using an F-3 robotic arm (Thermofisher Scientific). Each plate was first washed on the ELx405CW and then loaded with the calcium-sensitive dye fluo-4 AM (Invitrogen, Grand Island, NY) at a final concentration of 2.0 µM. Plates were then incubated at ambient temperature for 40 min, and the dye was then removed by washing, leaving 20 µL per well of assay buffer. The cell plate was then introduced alongside a 384-well compound plate (Greiner Bio-one) containing 320 test compounds per plate and 16 wells each of both vehicle (0.3% DMSO) and 5 µM GLP-1 peptide (to measure the maximal GLP-1 signal). All compounds were assigned a unique identifier beginning with the letters VU and followed by a seven-digit number. Compounds were delivered fresh each screen day using a non-pipette-based liquid-transfer instrument, ECHO555 (Labcyte, Sunnyvale, CA) and were presented at a concentration of 10.0 µM in 0.3% DMSO at 10 s to look for agonist activity. Compounds were laid out in the plate to reside in central columns 3 through 22, leaving exterior columns 1, 2, 23, and 24 for negative and positive controls. Fluorescent measurements tracking kinetic calcium traces from three plates for three distinct additions of compound, GLP-1, and glucagon, respectively, were monitored using the FDSS6000 with 488 nm excitation and 480/540 emission filters. The first addition (20 µL of 10.0 µM library test compound) was introduced at 10 s, and monitoring continued for an additional 2 min to identify compounds with agonist activity (i.e., inducing change in fluorescence in the absence of GLP-1 and glucagon). At 2 min, half maximal effective concentration (EC 50 ) GLP-1 (40.0 nM) was added to identify compounds that do not have any intrinsic activity but that potentiate (or inhibit) the calcium flux signaling generated by GLP-1. Finally, EC 50 glucagon (40.0 nM) was added at 4 min to identify compounds that potentiate (or inhibit) a calcium flux signal in response to glucagon. Higher concentrations of GLP-1 or glucagon were not used because inducing the maximum signal might preclude detection of compounds that are agopotentiators. Two minute intervals were sufficient for the maximum signals to return to baseline prior to the next addition. Calcium measurements were collected throughout a total of 5 min, and hits were determined in the agonist or potentiator-antagonist windows if the signal was three standard deviations higher or lower than the mean of the 320 test well population. Human recombinant peptides GLP-1 7-36 (#028-11; Phoenix Pharmaceuticals, Burlingame, CA) and glucagon (Bedford Labs glucagon hydrochloride 1.0 mg dry with 107 mg lactose; Bedford Labs, Bedford, OH) were both reconstituted into HBSS supplemented with 0.1% fatty acid-free bovine serum albumin (#A6003; Sigma) and 20.0 mM HEPES.
Confirmation and Selectivity Assays
CHO K1 cells were plated at 10,000 cells per well in DMEM Nutrient Mixture F-12. All of the cell-plate conditions were the same as described in the primary HTS assay with the following modifications. Compounds were cherry picked and presented in duplicate on each plate at a final concentration of 15.0 µM in Hank's Balanced Salt Solution (HBSS; Life Technologies) with 20.0 mM HEPES and 1.0 mM probenecid. Each compound was retested this time individually on each cell line (GLP-1R, glucagon, or null CHO K1) using the same FDSS protocol. In the case of CHO K1, 1.0 µM ATP was added as a positive control for non-GLP-1R-non-GR calcium flux (i.e., through purinergic receptors). Controls were added in the same pattern as in the primary assay. Any compounds that showed a modified response in the ATP and CHO K1 cell plate was eliminated from further study. Compounds that displayed a modified response from the negative controls on either GLP-1R Chem9 or both GLP-1R and glucagon R Chem1 cells were selected and categorically segregated for further study.
Concentration-Response Curve (CRC) Assay
Hits from secondary screens were tested for concentrationdependent activity. Human GLP-1R 9-3-H cells and glucagon R cells were plated separately at 15,000 cells per well in a 384-well tissue culture-treated plate (#781091; Greiner Bio-one) in 20 µL plating medium (DMEM, 4.0 mM glutamine, 10% FCS, 1X NEAA, and 10.0 mM HEPES) using a multichannel pipette and incubated overnight at 37°C and 5% CO 2 . GLP-1R cells and glucagon R cells were tested in separate plates in an effort to clearly differentiate agonist, potentiator, and antagonist for both GLP-1 and glucagon. A triple-add protocol was used to present an 11-point concentration series of each selected compound. The cells were treated with compound followed by the addition of an EC 20 concentration (20% maximal effective concentration) of peptide, and, last, an EC 80 concentration of the same peptide. After each addition, the fluorescence was monitored for 2 min. Using two peptide concentrations allowed us to identify hits that are able to potentiate the effects of GLP-1 as well as inhibit (negative modulation) GLP-1 actionseen in the third addition. The increase in the EC 20 peptide response at each compound concentration was plotted as percentage of maximum of the log concentration value, and the dose-response curves were fitted using a four-parameter logistic equation to achieve a sigmoidal plot and evaluate the potency at EC 20 concentration of GLP-1. On each testing plate, controls were in the top row (A) and columns 1 and 24 to provide a vehicle, EC 20 peptide (~10 nM), EC 80 peptide (~1.0 µM), and EC MAX peptide (~5.0 µM).
Secondary GloSensor™ cAMP Screen
Because both calcium and cAMP are primary coupling modalities for GLP-1R signaling, 23 hits were tested for GLP-1R potentiation by measuring cAMP accumulation in the presence of EC 20 and EC 80 GLP-1. The primary calcium assay was performed using a highly engineered system that may or may not be indicative of native GLP-1 signaling, and, as a result, we designed a secondary screening tier to help validate the predictive power of the primary HTS assay in a more native cell background. For the secondary assay, pancreatic INS-1 cells stably transfected with the GloSensor™ reporter plasmid were plated at 15,000 cells per well in 384-well black-wall plates (Greiner Bio-one) in 20 µL RPMI-1640 and incubated for 48 h at 37°C and 5% CO 2 . Two hours prior to addition of compound and GLP-1, each well received 10.0 µL of GLO reagent at 4% using the BRAVO liquid dispenser (Agilent) and returned to 37°C. The plate was then transferred to the FDSS6000 for reading. Eight minutes of baseline data were collected, followed by the addition of test compounds and luminescence readings every 3 s for 2 min. EC 20 (add 2) and EC 80 (add 3) concentrations of GLP-1 were added to each well, followed by another 2 min of luminescence monitoring among additions.
Data Analysis
For the primary screen, fluorescence data were analyzed with Pipeline Pilot (Accelrys, San Diego, CA) using custom protocols to identify hits on a per-plate basis. Raw data values were normalized (F/F 0 ). Amplitudes (maximum values minus initial minimum values) for defined time regions after the first, second, and third sample additions were used to define categories for compound response (e.g., agonist, potentiatior, and antagonist). Hits were defined as three standard deviations higher or lower than the mean of the entire population of test compound-treated wells in each plate. Controls were used to obtain Z' values 24 to monitor data quality for GLP-1 and ensure the EC 50 peptide values were stable throughout the screening day. Hits were then retested in the confirmation assay. Efficacy and potency values were calculated from fitting CRC data to use a fourparameter logistical equation in XLfit curve-fitting software (IDBS, Bridgewater, NJ) in Excel (Microsoft, Redmond, WA).
Results
The GLP-1R-GR Calcium Assay Is Compatible with High-Throughput Screening
Validation of the GLP-1R-GR mixed-cell primary assay was assessed using stimulation with GLP-1 and glucagon peptides in alternating wells of a 384-well plate to demonstrate that distinctly responding populations of signal response via calcium flux through the GPCR were robust and reproducible. A Z' of 0.68 with a coefficient of variation less than 5% 24 (Fig. 1A) was calculated using this layout for GLP-1, which indicates that the assay exhibits a suitable dynamic range and variation to distinguish significant differences among test compounds. Initial testing of these cell lines in the calcium assay was done by adding a full-concentration series of GLP-1, as depicted in Figure  1B (the first set of peaks). Clearly, GLP-1 generates a dose-dependent increase in fluorescent signal, which is correlated with an increase in intracellular calcium. Next, we use this curve to calculate an EC 80 dose of GLP-1, whereas maximum doses of GLP-1 could not be further enhanced (Fig. 1B, second peak ). Using this validation experiment, we calculated the EC 20 (10.0 nM), EC 50 (40.0 nM), and EC 80 (1.0 µM) concentrations to use in subsequent experiments. In the primary screens, cells were treated with both GLP-1 and glucagon for a combined two-target, duplexed screen that, for the purposes of this discussion, offered instant simultaneous counterscreen against the glucagon receptor. Figure 1C is an example of the fluorescent traces from the FDSS6000 instrument achieved in the primary screen with vehicle (all panels), compound only (panel 1), and EC 50 and EC MAX concentrations of both GLP-1 (panel 2) and glucagon (panel 3). Clearly, distinct cell populations respond to the two test concentrations of each ligand. Both GLP-1 and glucagon have dose-dependent responses in the calcium assay ( Fig. 1D) with EC 50 values in the nM range. This same methodology was used to validate the cAMP GloSensor™ assay, and those curves are shown in Figure 2 . The GloSensor assay is more susceptible to noise and nonuniform signal, we suspect, because of high temperature sensitivities intrinsic to this assay. To address some of these issues, we measured baseline luminescence for ~8 min prior to the addition of compound or ligand ( Fig. 2A) within a temperature-controlled setting of the FDSS6000.
Workflow, Screening Tiers, Selection Criteria, and Data Summary
We used a workflow (Fig. S1 ) that would permit incremental and systematic refinement of results and incrementally increase the stringency of hit selection, prioritization, and classification. Ninety-eight compounds survived the screening tier and were classified as GLP-1R hits or compounds of interest (i.e., possible antagonists). These compounds were picked from the initial library based on the pass criteria in each phase of the screening workflow (Fig. S1) . The initial, large-scale, primary "triple-addition" calcium screen of all compounds (Figs. S1 and S2A) yielded 1292 hits. Screening at EC 50 GLP-1 (40.0 nM) allowed identification of hits that increase or decrease the GLP-1-or glucagon-induced signals, although we largely describe GLP-1R PAMs herein. If the compound increased calcium mobilization in the absence of GLP-1, it was classified as a potential agonist. If the compound modified calcium mobilization higher or lower than that of an EC 50 of GLP-1 alone, it was classified as a potential potentiator or antagonist, respectively. Compounds that had agonist activity and potentiated GLP-1 activity were classified as ago-potentiators ( Fig. S3) .
After the initial primary screen (Fig. S2A) , compound hits were picked from the entire library based on the selection criteria, new source plates were made, and the compounds were rescreened in duplicate ( Fig. S1, phase 2) . Compounds that failed to exhibit activity were eliminated as false positives. Next, only cells expressing the GLP-1R were used to rescreen the compounds in duplicate, and in addition, we added a second plate seeded with CHO K1 cells (Fig. S2B) to act as an untransfected control cell line to aid in identifying non-GLP-1R-specific effects on intracellular calcium dynamics (phase 3). Compounds that were active in the CHO K1 cell line were not advanced to the next phase, leaving 130 compounds. At this point, all compounds were obtained as dry samples by purchase or inhouse resynthesis.
In phase 4, 130 compounds were tested in 11-point CRCs using the calcium assay. GLP-1R and glucagon R cells were plated separately. A concentration range from 10 −10 M to 10 −5 M of each hit compound was tested against both EC 20 and EC 80 concentrations of GLP-1 (Fig. S2C) . At this point, we began testing EC 20 and EC 80 concentrations of both GLP-1 and glucagon as opposed to EC 50 concentrations to begin differentiating the effects on efficacy and potency at both high and low concentrations. This approach revealed potentiators at the EC 20 dose as well as any potentiation, antagonism, or desensitization at the EC 80 dose. Also in phase 4, selectivity for the GLP-1R was further demonstrated by screening against a class A GPCR (MC4 receptor; data not shown). Compounds were also subjected to the secondary cAMP assay ( Fig. S2D) . Of the 175,488 compounds screened, 98 total hits were found to meet all the selection criteria and were ranked for potency and efficacy based on analysis of the CRC data. These compounds were divided into 11 groups based on different patterns of activity demonstrated in all the assays (i.e., calcium, glucagon R activity, cAMP, MC4 receptor activity, CHO K1 activity, and dose dependency). For brevity and focus, we show representative examples from 5 of the 11 groups.
Calcium and cAMP Screening Reveals Compounds and Scaffolds Likely to Act at the GLP-1 Receptor
An analysis of our 175,488 compound-screening efforts revealed a total of 98 compounds that act as potential allosteric modulators for the GLP-1R. The emerging patterns of calcium mobilization in both the presence and absence of GLP-1 and glucagon directed us to classify the compounds into multiple groups (Fig. S3) . For example, we have identified compounds that were classified as potentiators (VU056556, VU0089276, and VU0109197), agonists (VU0138721), and ago-potentiators (VU0143436). In addition to the 66 compounds in the 5 groups of Table 1 , we have 32 more compounds that have been divided into 6 additional groups and exhibit different patterns, or "bins," of activity in each assay used during the screening phases (data not shown). These 6 groups require further characterization. The structures shown were selected to demonstrate a common scaffold that each has unique activity and potencies ranging from 4.0 mM to 60.0 nM. Agonist VU0138721, although active in both GLP-1 and glucagon receptor cells, did not have activity in a common CHO parental-like cell line, nor in the common assay cAMP GLO MC4R cells. VU0143436, ranked most potent of all tested in CRC, interestingly has activity at all three receptors but did not show cAMP path activity at the GLP-1R (Fig. 4E) . Figures 3 and 4 show representative data for five of the most potent compounds and their fluorescent and luminescent traces from the primary calcium and secondary cAMP assays. In Figure 3 , A through E represent fluorescent traces from the calcium assay in response to compound and GLP-1, and F through J represent fluorescent traces from the calcium assay in response to compound and glucagon. In Figure 4 , A through E represent luminescent traces for each representative compound in the secondary cAMP assay. Figure S2 .
The agonist activity of VU0089276, VU0138721, and VU0143436 is apparent in panel 1 of Figure 3B, Figure  3D, and Figure 3E , as the compounds alone (green trace) induce an increase in intracellular calcium. In Figure 3A -C, panel 2, the compounds exhibit clear potentiation of GLP-1 action, meaning that the calcium signal with compound followed by EC 20 GLP-1 (green trace) is larger than that of EC 20 GLP-1 alone (yellow trace). Cells that exhibit potentiation together with agonist activity, as in Figure 3E , are grouped as ago-potentiators. Figure 3D is an example of an agonist, because there is increased calcium with compound alone but no significant amount of potentiator activity. It is notable that compounds in Figure 3B Although the presence of activity in the glucagon window was used to eliminate GLP-1R hits in the primary screen, in phase 3 of the screening, we also plated glucagon R cells to more rigorously and separately test the selectivity of these compounds as compared to GLP-1R. As shown in Figure 3G, Figure 3H, and Figure 3J , VU0089276, VU0109197, and VU0143436 all potentiate EC 20 glucagon (panel 2, green trace). Most notably, VU056556 (Fig. 3F,  panel 2) does not potentiate glucagon R in these studies and is marked with five others in the screen that were classified as highly selective to GLP-1R (Table 1) . Similarly, VU0138721 appeared to have no potentiation of the glucagon R (Fig. 3I) , although this compound was classified as an agonist only ( Table 1) . Consistent with the results of the primary calcium assay, the compounds exhibit agonist, potentiation, and agopotentiation patterns in the secondary cAMP luminescent assay (Fig. 4) . This secondary assay provides a more "native" prediction of the effects of each compound as compared to the calcium flux assay. Figure 4 is also divided into three panels in a similar scheme as the calcium assay, although there was no EC 80 addition in this experimental design. In Figure 4B and 4D, there is clear agonist activity after the compound addition (white arrow), with the compound-only trace (green) showing increased cAMP accumulation. In Figure 4A -C, the green trace (compound followed by EC 20 GLP-1) appears to show a steady and sustainable increase in cAMP accumulation, indicating a potentiating effect on GLP-1 signaling. In Figure 4B , the compound appears to sustain intracellular cAMP higher than the maximal GLP-1 signal (red trace), an effect that was also observed in the calcium primary assay (Fig. 3B) . Furthermore, these same compounds exhibited strong concentration-dependent cAMP accumulation (Fig. 5C ) when treated in tandem with EC 20 GLP-1.
GLP-1R Potentiators, Agonists, and Ago-Potentiators Are Potent and Efficacious
The five compounds in Figures 3 and 4 were analyzed for dose dependency in the concentration-response experiments of phase 4 (Fig. 5) . These compounds represent some of the more potent of the hit list for inducing calcium. Like GLP-1, these compounds exhibit a concentration-response curve in the presence of EC 20 GLP-1 and glucagon ( Fig.  5A-C) with EC 50 values ranging from 10 −7.12 to 10 −5.15 M in the calcium assay (Fig. 5D) . Although several compounds exhibited some activity at the glucagon receptor, the hits were much more efficacious for GLP-1R when compared to glucagon R (Fig. 5D) . VU056556 represents a group of six compounds that were selective for GLP-1R only, which is of particular interest to our study. 
Discussion
Mixed-Cell HTS Assay Is Novel
We report here the results of a novel, mixed-cell HTS effort to identify potent, selective, small-molecular-weight agonists and PAMs of the GLP-1R. Our approach is fast, is simple, and perhaps most importantly allows identification of specific and selective allosteric modulators from a large screening library. In addition, we are able to more thoroughly understand the relationship between GLP-1R and glucagon receptor regulation, which can be extended to other GPCRs using this methodology. Our method of mixing target cells (GLP-1R) with an off-target GPCR (glucagon) was validated as suitable for screening a large compound library for GLP-1R allosteric modulators by multiple criteria. First of all, each assay exhibited GLP-1 or glucagon dose dependency, and, second, the sensitivity of both GLP-1 and glucagon ligands to potentiate intracellular calcium was demonstrated. The timeline and concentrations used (shown in Figure 1C ) demonstrate a return to baseline of our controls after the GLP-1 addition that allowed the determination of a clear and distinct window for adding glucagon in the same wells. The primary calcium assay in the screening tiers was validated using the calculated Z' factor, which established that our assay can distinguish hits, or a certain level of activity, when compared to controls. Our approach is also value added because not only are we simultaneously performing a selectivity screen with the glucagon R cells, but also we are able to identify compounds that are specific for the glucagon R, another GPCR target of therapeutic interest. This assay format could be applied easily to other GPCRs of interest.
A number of GLP1R PAMs have been previously described, [25] [26] [27] although none are currently approved for human use. Modulators of GLP-1R include naturally occurring flavonoids like quercetin, which selectively modulate the receptor only with specific peptide isoforms of GLP-1, but not a related peptide oxyntomodulin or full-length GLP-1. 28 Other screening efforts have identified pyrimidinebased compounds that enhance cAMP signaling and insulin secretion in in vivo models. 29 These compounds demonstrated agonist activity in addition to potentiation (defined as ago-potentiation) of GLP-1 action. Another large-scale screening effort also identified a series of quinoxalines that also exhibited GLP-1R ago-potentiation. 30 Interesting studies with oxyntomodulin have shown it to only partially recruit β-arrestin to the GLP-1R, but full potency was observed with respect to GLP-1R internalization, possibly demonstrating a partial and pathway-specific activation of the GLP-1R as a function of ligand structure. 31 Taken as a whole, this work illustrates the feasibility to identify and develop small molecules that act as PAMs of the GLP-1R.
Our results yielded a set of 98 hit compounds that were divided into 11 subgroups based on their activity in the primary calcium assay; activity in MC4 receptor cells, CHO cells, and glucagon receptor cells; and potency and efficacy in the calcium and cAMP assays. Five of the subgroups, their definitions, and representative compounds are shown in Table 1 . Although other allosteric modulators have been reported in the literature, we present data for GLP-1R PAMs showing selectivity for the GLP-1R, represented by VU056556 and five additional compounds (structures not shown).
The compounds identified by our screen target the GLP-1R and have not been previously reported. This is the first report, to our knowledge, of GLP-1R agonists or PAMs that significantly alter the potency and efficacy of GLP-1. Other attempts to identify allosteric agonists of the GLP-1R have relied on more difficult and costly methods, such as competition binding assays and radioligand-binding experiments. 25, [28] [29] [30] 32 By counterscreening with a closely related GPCR early in the screening milieu, the chances of continuing to develop potent chemical hits that may later prove less selective for the target of interest is reduced. Like many HTS-optimized cell systems, our screening cell line is highly engineered and may not accurately reproduce "native" GLP-1R activation and coupling mechanisms. To rapidly address this issue, the secondary cAMP screen was designed to use pancreatic β-cell line INS-1 cells, and compounds that did not exhibit measureable agonist or potentiator activity in this more native cell line were able to be quickly excluded.
Allosteric Mode of Modulation?
The primary and secondary screening assays were designed with agonist, potentiator, and antagonist windows to rapidly classify each compound. Although we do not discuss GLP-1 antagonists (determined by the addition of EC 80 GLP-1) in the present report, we were able to classify some compounds as antagonists based on these criteria and will follow up with these compounds in subsequent projects. Furthermore, we do not directly assess ligand-binding domains of ago-potentiators or potentiators, but our collective data would suggest that compounds that potentiate the GLP-1 signal, but have no agonist activity on their own, do so through binding to a site on the receptor that is distinct from the GLP-1 orthosteric site. Additional studies would be needed to determine whether our compounds truly occupy allosteric sites.
Assays Reveal That Modest Structural Modifications Alter Scaffold Pharmacology
A hallmark of class A and C GPCR allosteric ligands is the concept of molecular switches, wherein subtle structural modifications can result in changes in either the mode of pharmacology and/or receptor selectivity. [33] [34] With our discovery of class B GPCR allosteric modulators here, the phenomenon of molecular switches is now extended to this family of GPCR ligands. For example ( Table 1) , VU0056556 and VU0089276 are both derived from a common hexahydroquinolone carboxylate core, yet alternate substituents on the 4-and 7-aryl rings confer selective GLP-1 ago-potentiation for VU0056556, whereas VU0089276 displays ago-potentiator activity for both GLP-1 and the glucagon receptor. A structurally distinct yet topologically similar HTS hit, VU0138721, based on a tetrahydropyrimido [4,5-d] pyrmidine core, possesses agonist activity at both GLP-1 and the glucagon receptor. Importantly, all three ligands are inactive on the MC4 receptor. Although this remains an unproved possibility, these data suggest that minor modifications to these cores may enable the development of a suite of small-molecule tools to explore selective GLP-1 or dual GLP-1 and glucagon receptor activation through multiple pharmacological mechanisms.
VU00056556 and VU0109197 Are GLP-1R PAMs
As mentioned in this article, the GLP1R has a large and structurally complex orthosteric-binding site, and successful development of orally bioavailable small-molecule druglike agonists has been challenging. 17 We therefore sought to identify allosteric modulators of GLP-1R, and our data suggest that at least two compounds presented here, VU00056556 and VU0109197, function as PAMs. At an EC 20 concentration of GLP-1, these compounds are potent and effective at inducing calcium mobilization and cAMP accumulation within the cells at a higher level than what is induced by GLP-1 alone.
Future Directions
In summary, we have described an innovative HTS methodology for identifying agonists and positive allosteric modulators of the GLP-1R based on a primary calcium screen, a secondary cAMP screen, concentration-response testing, and selectivity testing. A key aspect of our unique HTS approach is coplating cells overexpressing our target of interest along with a cell line overexpressing an off-target GPCR, which permits a cost-effective and data-rich selectivity screen alongside the primary screen. Indeed, PAMs, NAMs, and ago-PAMs for the glucagon receptor remain viable targets for the treatment of metabolic disease, and future work in this study includes analyzing our data to identify compounds that act specifically at the glucagon receptor. Furthermore, we have validated and used this screening paradigm to evaluate a large compound library. The feasibility and cost-effectiveness of this screening method make it attractive for other GPCR targets. Future work will assess the ability of these PAMs to potentiate glucose-dependent insulin secretion together with GLP-1 in pancreatic β-cells and characterize their ability to induce signaling bias toward pathways of therapeutic interest, such as apoptotic or proliferative outcomes.
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